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The removal of boron in pure silicon by gas mixtures has been examined in the
laboratory. Water-vapor-saturated hydrogen was used to remove boron doped
in electronic-grade silicon in a vacuum frequency furnace. Boron concentra-
tions in silicon were reduced from 52 ppm initially to 0.7 ppm and 3.4 ppm at
1450C and 1500C, respectively, after blowing a H2-3.2%H2O gas mixture for
180 min. The experimental results indicate that the boron removal as a
function of gas-blowing time follows the law of exponential decay. After 99% of
the boron is removed, approximately 90% of the silicon can be recovered. In
order to better understand the gaseous refining mechanism, the quantum
chemical coupled cluster with single and double excitations and a perturbative
treatment of triple excitations method was used to accurately predict the
enthalpy and entropy of formation of the HBO molecule. A simple refining
model was then used to describe the boron refining process. This model can be
used to optimize the refining efficiency.
INTRODUCTION
The removal of boron in metallurgical grade sili-
con (MG-Si) is one of the most crucial tasks for
upgrading to the photovoltaic silicon feedstock.
Several processes have been reported for this pur-
pose. Molten flux treatment1–4 and plasma5–11 are
two of the most common methods for the removal of
boron in silicon. Although the molten flux treatment
can effectively remove boron, it will inevitably con-
taminate the silicon feedstock. Consequently, addi-
tional refining step(s), e.g., acid leaching and
directional solidification, is(are) often necessary in
order to remove the contaminated impurities from
the flux-treated silicon. Since the 1990s, steam-
added plasma treatment has been extensively
studied in refining silicon feedstock. Suzuki et al.5
reported the method of Ar-H2O plasma for the
removal of boron from MG-Si. 98.9% of the boron in
MG-Si can be removed using an Ar-1.24 vol.% H2O
plasma gas after a 25-min treatment. Ikeda and
Maeda6 tested the Ar-H2O plasma gases with dif-
ferent water vapor pressures. They concluded that
the highest water vapor pressure, 1.24 vol.% H2O,
has the highest apparent rate constant for boron
removal. Similar experiments were carried out by
Nakamura et al.7 and Yuge et al.8 Recently, Wu
et al.10 reported their experimental results for the
removal of boron by an Ar-H2O-O2 mixture. Boron
was reduced from 18 ppm to 2 ppm after the first
10 min. However, they found no further removal of
boron after treatment for longer times. Lee et al.9
tested the method of refining boron by a steam
plasma method utilizing the electromagnetic casting
process. After a 3-min treatment by the Ar-H2O-H2
plasma gas, more than 60% of the boron could be
removed from silicon melts.
Simple humidified hydrogen treatment can also
remove boron in pure silicon rather efficiently.12,13
Theuerer13 reported the method of boron removal by
humidified hydrogen about 60 years ago. He found
that the efficiency of boron removal is proportional









where B is the boron concentration after treatment,
B0 is the initial boron concentration, PH2O is the
partial pressure of water vapor in the gas phase, t is
the time of treatment in min, and k is the rate
constant. Below we will show that this relation is
also applicable for the steam-added plasma gas
mixtures.5–10
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In order to define the boundary conditions of
boron removal by humidified hydrogen, the ther-
mochemical properties of the boron-containing gas-
eous species are the essential aspects. The JANAF
Thermochemical Tables14 are frequently used to
evaluate the refining efficiency in the literature.
However, as indicated by both experiments and
quantum chemistry calculations,15–18 the recom-
mended value of the enthalpy of formation for the
HBO molecule is questionable. As a consequence,
the tabulated properties of HBO in the JANAF
Thermochemical Tables14 may not be accurate
enough for the analysis of current refining processes.
A new assessment is necessary to correctly describe
the refining chemistries.
In the present study, the removal of boron in sil-
icon by an H2-H2O mixture was first studied
experimentally. The enthalpy and entropy of for-
mation of the HBO molecule have been calculated
using the ab initio coupled cluster with single and
double excitations and a perturbative treatment of
triple excitations [CCSD(T)] technique. Applying
these new values for the thermochemical properties
of HBO, the experimental results can be reproduced
within their uncertainties. The apparent rate con-
stants for boron removal at 1450C and 1550C are
also evaluated. A simple dynamic model is proposed
for the further optimization of the refining process.
EXPERIMENTAL
Electronic grade silicon (EG-Si) was first doped
with analytical reagent pure boron powder to about
150 ppmw in a high-purity crucible. For each mea-
surement, 210 g B-doped Si (a mixture of 70 g
150 ppmw B and 140 g EG-Si) was used. The silicon
materials were then put into a high-purity graphite
crucible with an inner diameter of 70 mm and
height of 150 mm. A PtRh-Pt thermocouple was
placed into the bottom of the crucible by a graphite
tube fixed on the wall of the crucible. After the
crucible was positioned into the furnace, the cham-
ber was closed to obtain vacuum. The system was
then filled with hydrogen to an arbitrary pressure.
Hydrogen gas was first passed through a humid-
ifier and then blown 50 mm over the melt through a
5 mm inner diameter quartz tube. The water tem-
perature in the humidifier can be controlled within
±0.1C. Hydrogen gas was saturated by water vapor
at 25 ± 0.5C. The steam content was fixed at
3.17 at.%. The gas inlet tube was heated to around
90C in order to prevent water condensation. The
purging gas rate was controlled at 3 L/min. Tem-
perature profiles of the samples were carefully
controlled by adjusting the induction power of the
furnace.
During the gas blowing, the silicon melt was
sampled by a quartz tube every 30 min. The dura-
tion of each experiment was 180 min. The boron
contents of the samples were measured using a
resistivity meter (Model RM2; Jandel, Leighton
Buzzard, UK). For each sample, at least 8 points
were measured for the resistivity. The boron con-
tents can then be determined by the standard
method. One set of samples was also analyzed by
inductively coupled plasma (ICP)-mass spectroscopy
(MS).
RESULTS
Figure 1 shows the typical results of boron con-
tents during the H2-H2O gas blowing at 1450C and
1500C, respectively. Si recovery rates in the pres-
ent experiments were 89% at 1450C and 91% at
1500C. After a 3-h treatment, the boron removal
rates were 99% at 1450C and 93% at 1500C. It is
clear that the lower temperature favors boron
removal.
A comparison of the boron contents measured by a
resistivity meter with those by ICP-MS is shown in
Fig. 2. In general, the boron contents determined by
Fig. 1. B concentration changes in H2-H2O blowing determined by
the resistivity meter
Fig. 2. Comparison of the B contents determined by resistivity meter
and ICP-MS
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the resistivity meter are approximately 15–20%
lower than those by ICP-MS. Nonetheless, the
general agreement between the two sets of mea-
surements is rather good. We will use the data of
resistivity measurement for further analysis of the
experimental results.
QUANTUM CHEMISTRY CALCULATIONS
In order to calculate the enthalpy and entropy of
formation, we employed ab initio electronic struc-
ture calculations. The most accurate quantum
chemistry method that is practically applicable to a
wide range of chemical problems is CCSD(T). We
performed CCSD(T) calculations using the Gauss-
ian 09 package.18 First, geometry optimizations
were performed for the reference molecules H2 and
O2 and for the target molecule HBO with the aug-
cc-pVTZ basis set. To improve on the electronic ener-
gies, CCSD(T) calculations employing a larger basis
set, aug-cc-pV5Z, were run using the geometries
optimized in the previous step. The reference state
of boron at 298 K is B(s). However, it is practically
impossible to run the CCSD(T) calculations on solid
boron. Therefore, CCSD(T) calculations are per-
formed on the gas phase B atom. A literature value
of the standard enthalpy of formation of B(g) is used
to define the B reference energy by subtracting it
from the calculated CCSD(T) energy for B(g). The
most accurate estimate appears to be the theoretical
value by Karton and Martin,19 570.3 kJ/mol, which
differs from the tabulated value in the JANAF table,
560.0 kJ/mol. We used the former value. To calcu-
late contributions from atomic motion, vibrational
frequencies were calculated using the harmonic
approximation, and rotations were included by
treating the molecules as classical rigid rotors.
The calculations as outlined above give an enthalpy
of formation at 298 K of HBO of 229.4 kJ/mol and
entropy of formation of 202.9 J/K mol. The values in
the JANAF table are198.3 kJ/mol and 202.6 J/K mol,
respectively. There is a difference of 31 kJ/mol in the
enthalpies, but no difference is found between
the entropies. There are other indications that the
tabulated enthalpy of formation is erroneous. Previ-
ously, the standard enthalpy of formation has been
estimated to be 251 kJ/mol (60 kcal/mol) from
multi-reference configuration interaction electronic
structure calculations.17 In a later study employing
the G2 method,20 devised for calculating accurate yet
computationally affordable thermochemistry, the
result was 234 kJ/mol (55.9 kcal/mol). These
calculated results together with the experiments
described below serve to strongly suggest the need for
a revision of the HBO enthalpy of formation in the
JANAF table.
DISCUSSION
Both Figs. 1 and 2 indicate that the concentra-
tions of boron in liquid silicon decrease exponen-
tially. As the reduction rate is faster at lower
temperatures, it implies that the kinetics of boron
removal by the H2-H2O gas mixture is controlled by
chemical reactions occurring in the gas–liquid
interface. Equation 1 obtained by Theuerer13 also
suggested that boron removal involves heteroge-
neous reactions occurring at the surface of the
molten silicon. The process involves the oxidation of
both silicon and boron, and the evaporation of the
oxidation products. It was observed that the cham-
ber of the furnace was covered with a thin, white
SiO2 layer after the experiment. This can be
explained by initial oxidation of liquid Si by the
water vapor to form gaseous SiO. Subsequently, SiO
either condenses to SiO2 + Si or further reacts with
steam and oxidizes to SiO2. A chemical analysis of
boron in the deposits was not carried out in this
work. However, Theuerer13 found the presence of a
borate in the wall deposits.
Since the reaction occurs at the surface of the
silicon melt, the reaction rate should be related to










This means that the larger the A/V ratio, the
faster the reduction of boron concentration in sili-
con. However, many experimental results in the
literature lack this value. The apparent mass
transfer coefficient is then introduced to define the









A comparison of the apparent mass transfer
coefficients between the current work and those of
steam-added plasma melting processes5–8 is shown
in Fig. 3. It is obvious that Eq. 3 applies to both the
experimental results of H2-H2O mixture and steam-
added plasma. The boron apparent mass transfer
coefficients for the steam-added plasma method
Fig. 3. Apparent mass transfer coefficients in different refining pro-
cesses
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vary about two orders of magnitude. The current
experimental results are in the middle range.
Nordstrand and Tangstad12 estimated the apparent
mass transfer coefficient of B in gas–liquid reac-
tions. They found that they are in the same range of
the plasma refining process, at approximately
1.5 x 105 m/s. Compared with the apparent mass
transfer coefficients of slagging treatment, on the
order of 1 9 106 m/s, the gas refining process is
expected to be more efficient.
A dynamic model has been developed in order to
evaluate the possibilities to enhance the refining
process. To avoid the complexity of kinetic model-
ing, the so-called effective reaction zone (ERZ)21 has
been applied in the dynamic model. The basic
assumptions of the ERZ model are: The kinetic
limitations for the current refining process can be
approximated by introducing an ERZ inside the
vessel. Reactions occurring in the ERZ are all in
equilibrium. The size and recirculation rates of the
ERZ can be adjusted according to the experimental
results. This simple dynamic model has been
implemented in a MS Excel spreadsheet (Microsoft
Corporation, Redmond, WA) using the ChemSheet22
add-in program (GTT-Technologies, Herzogenrath,
Germany). Thermodynamic descriptions of the li-
quid metal phase were taken from our previous
study.23 Properties of gaseous species in the Si-B-H-
C-O system, except for HBO, were taken from the
JANAF Thermochemical Tables.
Figure 4 shows the simulation results of the
dynamic model. The initial parameters are the same
as the initial experimental conditions: 52 ppm B in
Si, 210 g Si, 3Nl/min gas blowing rate, H2-3.2%H2O
mixture, and total blowing time is 180 min. Only
two parameters were introduced to describe the
ERZ: the ratio of gas that directly reacts with Si
melt and the circulation rate for the ERZ and the
rest of the melt. It is also assumed that the mixture
between the ERZ and the rest of the mixture is
perfect. It is clear that our newly calculated en-
thalpy of formation of HBO can reproduce the
experimental results, whereas the JANAF data
underestimate the refining efficiency significantly.
CONCLUSION
The removal of boron by humidified hydrogen has
been examined on the laboratory scale. Boron con-
centrations in liquid silicon were reduced from
52 ppm initially to 0.7 ppm and 3.4 ppm, after gas
blowing for 180 min at 1450C and 1500C, respec-
tively. The experimental results indicate that the
boron removal as a function of treatment time fol-
lows the law of exponential decay. As the rate
increases with decreasing temperature, it indicates
that the process is controlled by chemical reactions
occurring in the gas–liquid interface. After 99% of
the boron is removed, approximately 90% of the Si
can be recovered.
In order to better understand the gaseous refining
mechanism, the ab initio CCSD(T) technique was
used to predict the enthalpy and entropy of forma-
tion of the HBO molecule. A simple refining model
was thereafter used to describe the boron refining
process. This model can be used to optimize the
refining efficiency in the future.
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